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Abstract 

The  phenomenological  characterization  of  a  sintered,  pressed  or  electrolytically  produced  porous  body  as  an  ‘agglomerate- 
of-spheres’  (AOS),  estimated  by  the  properties  of  their  connections  —  the  so-called  necks  —  ,  was  used  to  predict  its  break- 
force,  elasticity  and  resistance.  To  this,  the  previous  theoretical  description  of  the  AOS  could  be  expanded  by  the  definition 
of  an  ideal  AOS.  Furthermore,  it  could  be  shown,  that  the  behaviour  of  the  AOS  is  re-inforced  by  the  relation  of  the  radii 
of  the  sphere  and  neck.  The  description  of  the  mechanical  properties  correlates  well  in  the  case  of  elasticity  and  break- 
tension  with  data  of  experiments  at  the  University  of  Kassel  with  Pb03-«lectrodes.  The  theoretically  predicted  values  of  the 
electrical  properties  are  about  a  hundred  times  smaller  than  the  experimental  ones.  This  may  be  caused  by  the  material- 
specific  circuit  capacity  used  for  the  Pb02,  since  there  are  no  data  concerning  the  stoichiometric  variance  of  the  oxygen  phase 
width  in  the  neck  region.  An  attempt  to  approach  to  real  electrodes  is  only  a  trial,  which,  for  the  first  time,  takes  experimental 
data  into  consideration.  The  lack  of  dependable  material-specific  sizes  of  lead  dioxide  is  still  the  greatest  inaccuracy  in 
comparison  with  experimental  data. 
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1.  Introduction 

An  agglomeration-of-spheres  (AOS)  represents  an 
aggregate  of  spherical  particles,  connected  by  the  so- 
called  necks  (Fig.  1).  The  phases  of  spheres  and  necks 
are  distinguished  by  different  Laplace  pressures,  a 
stoichiometric  variance,  8,  of  the  phase  width  of  the 
chemical  compounds  [1]  and  a  resulting  potential  dif¬ 
ference  [2].  The  geometric  structures  of  spheres  and 
necks  can  be  based  on  these  values  [2],  Some  phenomena 
of  macroscopic  samples  could  already  be  derived  phe¬ 
nomenologically  by  the  AOS  model,  for  example: 


Fig.  1.  Two  spheres  connected  with  a  neck. 


•  the  circuit-capacity  behaviour  of  different  samples 
during  sintering 

•  the  protection  of  the  necks  against  corrosion,  caused 
by  thermodynamic  ‘underpotential  deposition’  [2] 

•  the  diagnosis  of  the  ‘antimony-free  effect’  as  a  result 
of  a  ‘relaxable  insufficient  mass  utilization’,  as  well 
as  a  therapy  against  the  cycle-dependent  constant 
capacity  loss  [2] 

•  the  behaviour  of  lead-traction  batteries  [3] 

The  mentioned  examples  came  from  closer  investi¬ 
gation  of  the  base  units  of  such  a  system.  These  base 
units  can  be  used  to  construct  an  ideal  AOS.  Theoretical 
examinations  of  the  structure  and  look  of  an  ideal 
agglomerated  of  spheres  give  a  better  understanding 
of  the  elasticity,  resistance  and  break-force  of  mac¬ 
roscopic  bodies.  All  investigations  carried  out  are  of 
general  significance,  but  the  choice  of  outer  frames  are 
related  to  the  experiments  started  at  the  University  of 
Kassel  with  an  experimental  setup  for  the  determination 
of  different  mechanical  and  electrical  properties  of 
PbOz  electrodes  [4],  With  this,  the  relevance  of  the 
model  and  changes  carried  out  should  be  verifiable, 
while  calculations  are  fixed. 


0378-7753/95/S09.50  ©  1995  Elsevier  Science  S.A.  All  rights  reserved 
SSDI  03 78-7753(95 )02181-F 


144 


H.  Hopfinger,  A.  Winsel  /  Journal  of  Power  Sources  55  (1995)  143-152 


Fig.  2.  Schematic  picture  of  the  experimental  setup. 


Table  1 

Porosity  and  package  density  of  different  lattices 


Package  density 

Porosity 

Simple  cubic 

0.52 

0.48 

Face-centred  cubic 

0.68 

0.32 

Body-centred  cubic 

0.74 

0.26 

2.  Experimental 

The  experiment  [4],  as  schematically  shown  in  Fig. 
2,  is  meant  to  fabricate  lead  dioxide  electrodes.  The 
whole  setup  stays  in  a  solution  of  sulfuric  acid  up  to 
the  negative  electrode,  while  the  electrodes  are  formed 
by  charging  the  lead  paste  tablets. 

After  cycling,  the  structure  of  the  electrodes  will  be 
formed  as  an  AOS,  which  is  connected  to  the  lead 
mould  with  a  stamp  and  bowl. 

Analyses  is  done  by  varying  the  number  of  charge 
and  discharge  cycles,  the  way  of  producing  the  tablets, 
the  velocity  of  expansion  as  well  as  the  two  shapes  of 
the  electrodes. 

On  shape  is  called  ‘bowl-like’,  when  the  tablet  is 
connected  to  the  lead  mould  as  shown  in  Fig.  2,  while 
the  other  one  only  has  contact  to  the  sidewalls  and  is 
called  ‘membrane-like’. 


3.  Ideal  AOS 


4.  Expansions  and  approximations 

The  elasticity  of  the  neck  between  two  spheres  due 
to  /i«rK,  determines  the  properties  of  the  AOS.  The 
spheres  are  inelastic. 

All  deformations  of  the  necks  may  be  described  either 
as  expansion  or  shear.  Due  to  their  position,  all  necks 
exposed  to  equal  forces  are  gathered.  The  elasticity  of 
the  necks  can  be  described  by  a  coefficient  of  extension 
(CE),  which  then  can  be  combined  as  parallel  or  serial 
springs.  The  shape  of  the  macroscopic  bodies  is  close 
to  that,  used  in  the  experiment.  For  reasons  of  ap¬ 
proximation,  these  samples  will  be  divided  into  two 
areas;  they  can  be  treated  independently.  The  aim  is 
to  get  a  more  homogeneous  distribution  of  the  forces. 


5.  Effective  thickness  of  the  neck 


Out  of  a  geometric  view,  according  to  Fig.  3,  it  can 
be  shown,  that  the  thickness,  dH,  of  the  neck,  from 
where  the  radius  of  the  sphere  arises,  is  derived  from: 

(rK+rH)2  =  (h  +  rH)2+rK2  (1) 

and, 


can  be  written  as: 


(3) 


6.  Base  elements 

The  macroscopic  AOS  will  be  described  as  ‘base- 
units’,  which  are  determined  by  the  behaviour  of  the 
neck. 

The  values,  which  determine  the  mechanical  prop¬ 
erties,  are  the  CE  of  a  neck  referring  to  the  extension 
Dd,  the  shearing  Ds  and  their  combination  Dds.  The 
electric  behaviour  is  also  re-inforced  by  the  neck,  al¬ 
though  the  important  parameter  is  not  the  geometric 


Ideal  AOS  consists  of  small,  periodically  arranged, 
spherical  particles.  There  are  neither  missing  nor  have 
interim  positions. 

Table  1  [3]  shows  the  porosity  and  package  density 
of  different  lattices. 

The  choice  of  the  ideal  structure  is  the  simple  cubic 
arrangement  with  porosity  0.48  (which  is  close  to  the 
porosity  of  the  lead  accumulator  electrodes  [3-6],  In 
addition,  each  sphere  has  six  neighbours  and  each 
contact  zone  has  a  neck. 


Fig.  3.  Description  of  the  effective  thickness  of  a  neck  d, 
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resistance,  but  the  so-called  constriction  resistance,  _  dH 

which  arises  from  the  theory  of  electric  contacts.  c  P  AH 


6.1.  Basing  mechanical  units 


For  the  CE  of  an  extended  neck  Dd  is  [7]: 
_  F_  _  eEAH  _  EA^ 

D~  A /  ~  M  dH 


(4) 


where  F  is  the  force,  E  the  module  of  elasticity,  e  the 
specific  extension,  and  AH  the  cross-section  of  the  neck 
(Fig.  4).  The  thrust,  r,  of  a  sheared  neck  is  [7]: 


r=  -j-t  =G  tan  ■&  (5) 

dH 

With  the  definition  of  the  module  of  the  thrust  G  [8] 
and  the  cross  tension  p  [7]: 


G- 

E 

2(1 -p) 

and, 

dH  A h 

comes  for  the  CE  of  a  sheared  neck: 


F_  =  EdH 
A/  2(1 +  p) 


(7) 


Since  in  one  base-unit  with  nonparallel  shift  of  neigh¬ 
bouring  necks  both  the  tension  and  the  shearing  occur 
parallel  to  one  another,  a  combined  parameter  can  be 
used: 


hA., 

DDs  =  Dd+Ds=  — 


EdH 

2(1  +  U) 


(8) 


6.2.  Basing  electrical  units 

The  geometrically  determined  resistance,  Ra,  of  a 
neck  is  given  as: 


where,  p  is  the  specific  resistance. 

In  the  case  of  a  sphere  of  about  1  pm,  and  a  neck, 
which  is  about  factor  six  smaller,  an  additional  effect 
appears,  the  constriction  resistance,  RE.  This  term  leads 
back  the  higher  constriction  resistance  to  the  constriction 
of  the  current  flow  in  the  necks.  Holm  [9]  determined 
this  parameter  with  a  model  of  a  constriction  between 
two  never-ending  isolating  layers  according  to  Fig.  5 
[10]- 

The  relation  of  these  resistances  gives: 

<10> 

This  ratio  is,  according  to  the  relation  of  the  radius 
of  sphere  and  neck,  6:1  [2].  Therefore,  only  the  con¬ 
striction  resistance  has  to  be  taken  into  consideration. 

From  the  definition  of  the  cross  tension,  p  [7],  the 
change  of  the  radius  as  a  function  of  the  force  results 
in: 


fihF 


The  resistance,  RH  (F)  of  a  neck  is: 


(11) 


*«(*)  = 


P 

2(h-Ah) 


(12) 


Only  negligible  changes  of  the  resistance  occur  in 
the  case  of  shearing.  As  the  tension  only  enters  into 
the  geometric  resistance,  the  change  needs  to  be  several 
times  higher  than  the  beginning  state  in  order  to  be 
effective,  which  one  cannot  expect. 

The  coupled  sizes  of  extension  and  shearing  allow 
an  estimating  of  the  maximal  changes  of  the  cross-area. 

A/ 

tani>=  —  =A  (13) 


Fig.  4.  Shearing  of  a  cylindric  neck. 


Fig.  5.  Model  to  describe  the 
surfaces. 


equi-potentiai  lines 

distribution  and  equi-potential 
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With  the  help  of  the  so-called  0.3%  tension,  commonly 
used  for  metals,  the  relation  of  the  areas  of  the  beginning 
and  minimum  state  A0  and  Amin  gives: 


This  relation  is  very  close  to  1. 


7.  Break  force 


A1  is  the  expected  area  where  the  sample  will  break, 
at  the  contact  of  stamp  and  AOS.  Ax  consists  of  nlp 
parallel  necks,  which  can  be  described  by  the  CE  Du 
of  a  monolayer  with: 


where  AR  is  the  area  with  side-length  2 rK,  needed  for 
one  sphere. 

The  material-specific  break-tension  A  gives  the  value 
of  the  specific  tension  e,  and  the  sample  will  therefore 
break.  The  force  Fz  therefore  is  [7]: 


8.  The  bowl-like  AOS 

For  the  bowl-like  AOS  (Figs.  6  and  7),  it  is  ap¬ 
proximately  valid,  that: 

•  (I)  and  (II)  can  be  treated  independently 

•  in  (I)  only  extension  occurs 

For  the  electrical  properties  it  is  valid,  that: 

•  in  area  (I)  all  currents  through  the  chains  in  the 
direction  of  the  force  are  the  same  and  out  of  that, 
all  of  the  cross-wise  necks  are  currentless. 


!■  6.  Schematic  view  of  a  bowl-)ike  AOS. 


9.  The  membrane-like  AOS 

In  the  case  of  the  membrane-like  AOS  (Figs.  8  and 
9),  the  approximations  are,  that: 

•  each  neck  vertical  to  the  force  in  area  (II)  gets 
extended,  as  soon  as  an  extension  A /  occurs 

•  all  the  necks  in  area  (II)  in  the  direction  of  the 
force  get  sheared 

•  at  the  sides  of  area  (I)  an  extending  force  is  effective, 
which  will  be  neglected;  area  (I)  has  no  contribution 
to  the  mechanical  and  electrical  behaviour  of  the 
membrane. 
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10.  Elasticity  of  the  bowl-like  AOS 

The  elasticity  of  area  (I),  D,  is  given  by  nIp  parallel 
chains  with  the  length  d.  Their  DK  is: 


For  region  (I)  it  will  be: 

=  ^  <I8> 

The  CE  of  one  neck  is,  determined  by  length  and  cross 


Z>D='=^ 
A  /  dH 


In  area  (II)  a  more  distinguishing  view  is  necessary. 
A  summation  of  all  necks,  that  lie  on  equi-potential 
surfaces  according  to  Figs.  10  and  11,  will  serve  for 
the  description  of  these  serial-connected  layers.  The 
area  of  the  first  equi-potential  surface  is  appropriate 
to  the  surface  of  a  quarter  of  a  torus: 


and  for  the  nth  area: 

An  =  Tr2r,rK(2n  —  1)  (21) 

The  CE  of  the  whole  area(II)  can  be  written  as  a 
summation  over  the  n  layers  where  an  approximation 
of  the  start-  and  endpoints  is  necessary. 

Since  the  change  in  a  sufficient  distance  of  the  stamp 
is  not  worth  mentioning,  the  value  of  nd  will  be  used 
as  the  maximum  level.  An  estimation  of  the  relation 
of  the  CE  for  n  =  1  and  n  =  nd  results  to  1:2000. 

The  CE  of  the  nth  layer  is: 


Summation  of  the  n  serial  layers  gives: 


11.  Elasticity  of  the  membrane-like  AOS 

The  length  A l  comes  from: 

A/  =  V(rII  +  Ar„)2-rII2=  (25) 


since  area(I)  has  a  negligible  influence  (Fig.  12).  The 
result  is  an  extension-  or  force-dependent  CE: 


A  summation  of  all  necks  that  receive  the  same  force 
is  also  necessary  to  describe  the  area  (II)  of  the 
membrane-like  AOS. 

The  equi-potential  surfaces  are  now  hollow  cylinders 
with  the  thickness  of  2 rK.  The  number  of  spheres  in 
one  cylinder  with  radius  r,  +rK,  in  which  the  first  spheres 
lie: 

=  ntlT7d(r,+rK) 


(27) 
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The  CE  of  the  nth  hollow  cylinder  Dn„  then  is: 

2rK2  [„f-iri  +  rK(2n-l)J 


(28) 


Substituting  for  D„: 

A«(*) 

mlDDS 


r„+F- 


1 


'i  rt+rK(2«  —  l)y 


H' 


TT2r,/l  n 


1  P 

2/1-1  J_  2  jtFrK 

diiDnTr^na 


(33) 


13.  Electrical  properties  of  the  membrane-like  AOS 

I3.J.  Resistance  of  area  (II) 


(29) 

The  result  is  only  a  context  between  the  outer  di¬ 
mensions,  the  size  of  the  spheres  and  the  elasticity  of 
their  compounds. 


12.  Electrical  properties  of  the  bowl-like  AOS 


12.1.  Resistance  of  area  (I) 


Since  area  (I)  only  consists  of  nlp  parallel  chains 
with  the  length  d  and  the  resistance  RK  of  one  chain, 
it  can  be  written  as: 


for  area  (I): 


/?,= 


-R»(F)  = 


drK  p 

A'h  i-  ^ 

dH«ip£>i 


(30) 


(31) 


12.2.  Resistance  of  area  (II) 


The  torus-formed  layers  are  again  useful  to  summarize 
the  necks  exposed  to  the  same  effect  of  the  force, 
similar  to  the  description  of  the  mechanical  properties 
of  area  (II).  The  start-  and  endpoints  of  the  summation 
are  again  close  to  the  data  given  in  Fig.  10. 

Area  (II)  can  be  described  by  the  summation  of  n 
serial  layers  as: 


Rn 


Y  Mr 
nh  An 


-2 


4 RHrK 
n2ri(2n  - 1) 


=  2 


n-i  TT2rf2n  - 1) 


(32) 


Therefore,  the  resistance  of  the  whole  bowl-like  AOS 
as  a  function  of  the  force  is: 


RW(F)  = 


drK 

Ath 


1- 


£ _ 

pF 


dHnlp  A 


Since  area  (I)  will  be  negligible,  area  (II)  can  be 
divided  into  hollow  cylinders  with  the  thickness  of  2rK, 
with  parallel  spheres  each. 

The  resistance  of  the  serial  connected  layers  is: 


2RHrK2 


«Hn  n - \  vd(rz  +  rK(2n  - 1)) 


(34) 


Setting  in  for  RH  gives  the  resistance  of  the  membrane¬ 
like  AOS: 


xr. _ _ 11 

L  +rK(nn  —  1))  J  J 


(35) 


14.  Approximation  to  real  electrodes 

The  porosity,  often  determined  in  a  gravimetric  way, 
disregards  the  variation  of  the  size  of  the  particles  or 
necks. 

Scanning  electron  microscope  (SEM)  pictures  [11] 
show  that  in  the  case  of  real  electrodes  many  spheres  —  in 
favor  of  bigger  particles  —  are  ‘missing’  and  necks  are 
often  not  produced.  This  is  important,  as  only  the  neck 
is  determining  the  calculations,  and  such  a  situation 
would  lead  to  higher  elasticity,  as  only  the  number  of 
necks  per  area  decreases  or  fewer  material  is  used  to 
build  the  necks. 

With  the  help  of  SEM  pictures  of  the  ‘tear’  surface 
of  dried  Pb02  electrodes  (see  Figs.  13  and  14)  the 
necks  were  counted  manually  at  a  magnification  up  to 
1:3000. 

As  a  first  approach  to  real  electrodes,  a  density  of 
necks  can  be  given.  For  comparison  with  theoretical 
values,  this  will  be  used  as  a  multiplicative  form  factor 
a: 


The  ideal  and  determined  density  is: 
«idea.=  ~  =  =2.5xlOn  ~ 


(36) 
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Fig.  13.  Scanning  electron  microscope  picture  of  a  teared  Pb02 
electrode  [4],  magnification  X 1000. 


Fig.  14.  Scanning  electron  microscope  picture  of  a  sintered  cobalt 
sample  [10],  magnification  X  1000. 

and, 

«buiid=l-8xl011  \ 

m 

and  a  =  0.7 

15.  Results  and  comparison  with  experimental  data 

The  experimental  values,  used  in  the  following  chap¬ 
ters  are  [4]: 

r,  =  4.988 X10“3  m 


r„  =  20.25x  10  3  m 
and, 

d  =  2.8x  10  3  m 

The  material  specific  values  are: 
o-=l  J/m2  [12] 

M  =  0.25  ±0.05  [13] 
e0~7x  107  J/m2  [2] 
p=(2.9±0.05)Xl0“6fim  [14] 
and 

£  =  (3  ±  2)  X 107  N/m2  [13] 

As  no  value  could  be  found  for  the  specific  break- 
tension  A  of  compact  Pb02,  the  so-called  0.3%  tension 
[15],  commonly  used  for  metals,  is  used  to  determine 
the  break-force.  The  form  factor  a  is  only  given  to 
show  tendencies,  as  it  is  just  the  first  approach  to  a 
real  ‘AOS’. 

16.  Mechanical  properties 

The  CE  of  the  bowl-like  AOS  comes  to: 
jDw  =  1.34  X 106  N/m 
and, 

DWa  =  9-4  X  105  N/m 

The  course  of  the  extension-  or  force-dependent  CE 
of  the  membrane-like  AOS  behaves  as  shown  in  Fig. 
15. 

The  break-force  with  the  0.3%  tension  gives: 

Fz  =  16  N 
and, 

Ez„  =  ll  N 


F[N] 


Fig.  15.  Calculated  constant  of  extension  of  the  membrane-like  AOS 
( - );  with  form-factor  correction  (----). 
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Fig.  16.  Measured  [4]  and  calculated  data  of  a  bowl-like  AOS. 

This  correlates  well  with  early  experiments,  that  came 
to  Fz*  14  N,  while  more  recent  analysis  give  F7~ 
10  N. 

16.1.  Comparison  of  the  mechanical  properties  of  a 
bowl-like  AOS 

Fig.  16  represents  the  measured  and  calculated  CE 
of  the  bowl-like  AOS.  The  gradient  of  the  regression 
line  of  the  first  12  measuring  points  comes  to 
Dmreg  =  1.593  XlO6  N/m  (the  coefficient  of  regression 
is  *0.988).  The  region  in  the  measured  curve,  where 
plastic  deformation  starts,  cannot  be  described  with 
the  model.  The  end  point  of  the  proportional  behaviour 
could  also  be  at  F* 2.5  N,  F*4  N  would  then  be  the 
yield  point.  But  this  does  not  seem  the  case,  since  this 
would  lead  to  a  very  small  break-force.  In  earlier 
experiments  the  break-force  was  about  14  N,  while 
recent  experiments  give  a  value  of  about  10  N.  This 
correlates  well  with  the  calculations  of  Fz=16  N  or 
rather  =  1 1  N,  when  corrected  with  the  form-factor. 


17.  Electrical  properties 

The  resistance  of  the  unloaded  AOS  (Figs.  17  and 
18)  is: 

Fw(0)  =  5X10-40 
and, 

FM(0)  =  1.3X10-3  n 


18.  Discussion 

The  approximations  are: 

(i)  due  to  the  relation  of  h  versus  rK,  the  mechanical 
and  electrical  properties  of  the  spheres  have  been 
neglected; 


Fig.  17.  Resistance  of  the  bowl-like  AOS  as  a  function  of  force. 


(ii)  rough  estimation  of  the  effective  thickness  dH  of 
the  neck,  as  the  transition  of  neck  and  sphere  is 
continuous,  and 

(iii)  only  in  tendency  assessable  faults  by  acceptation 
of  independent-treatable  areas  (I)  and  (II). 

In  this  theoretical  AOS  model,  the  electrolyte  has 
not  been  taken  into  consideration.  This  probably  smaller 
elasticity  was  disregarded  at  all,  in  addition  to  cohesion- 
and  viscosity-forces.  This  does  not  cause  any  remarkable 
fault  in  the  case  of  the  electrical  forces,  as  the  circuit 
capacity  of  PbOz  is  about  5000  times  higher  than  that 
of  the  electrolyte  at  a  normal  concentration  of  7  M. 

One  fundamental  problem  is  the  absence  of  suffi¬ 
ciently  examined  material  parameters.  This  lack  of 
reliable  information  on  Pb02,  already  remarked  by 
Thomas  [14]  in  1948,  is  still  valid. 

The  existence  width  S  of  the  Pb02_6  has  been 
examined  by  Pohl  and  Rickert  [1],  but  to  date  nothing 
is  known  on  the  change  of  the  mechanical  or  electrical 
properties  of  PbOz.  The  parameters  published  in  the 
literature  already  differ  a  lot,  the  phase-width  has  not 
yet  been  taken  into  consideration. 

This  is  also  true  for  the  break-experiment,  as  the 
break-force  determined  with  the  0.3%  tension  could, 
besides  the  brittleness  of  the  Pb02,  be  higher. 
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It  is  necessary  to  mention  that  the  quality  of  the 
formation  of  the  AOS-structure,  is  not  yet  fully  under¬ 
stood. 

Due  to  the  long  formation  cycles,  there  is  not  yet 
any  statistically  data  available  from  which  an  optimal 
formation  process  can  be  derived  in  order  to  get  re¬ 
producible  structures  of  AOS. 


19.  View 

For  comparison  with  theoretically  determined  values, 
a  change  of  the  break-experiments  with  regard  to 
geometrically  simple  bodies  could  give  more  exact  state¬ 
ments.  One  possible  form  is  that  of  the  rod-like  structure, 
which  is  distinguished  by  higher  homogeneity  referring 
to  the  distribution  of  force  and  current,  and  excludes 
area  (II),  defined  by  rougher  approximations.  Fur¬ 
thermore,  the  insufficient  knowledge  on  the  current 
distribution  at  the  contact  zones  during  formation  could 
better  be  excluded. 

The  influence  of  the  number  of  charge  and  discharge 
cycles  on  the  capacity  of  a  lead  accumulator  is  known 
as  an  ‘afe’  (antimony-free  effect).  This  effect,  which  is 
afflicted  with  a  constant  capacity  loss  per  cycle  [16] 
could  be  examined  by  varying  the  number  of  cycles 
before  stressing. 

The  experiments,  time  consuming,  could  be  changed 
in  such  a  way  that  the  electrode  is  only  somewhat 
extended  and  then  is  recycled.  The  stamp  could  be 
brought  into  the  normal  position  after  a  short  extension, 
such  that  no  lasting  change  in  the  structure  of  the  AOS 
is  suspected. 

A  comparison  of  the  theoretical  models  with  other 
than  electrolytically  produced  porous  bodies,  (e.g.,  sin¬ 
tered  ones)  should  also  be  examined. 

The  attempt  of  making  predictions,  started  in  this 
work,  could  help  finding  more  information  on  the  specific 
mechanical  and  electrical  properties  of  Pb02. 


20.  List  of  symbols 

A,  i  of  the  surface  of  the  first  torus 

Ah  cross  area  of  one  neck 

At  area  of  the  stamp 

Ak  cross  area  of  one  sphere 

A„,in  cross  area  of  one  neck  under  maximum 
strength 

A„  i  of  the  surface  of  the  nth  torus 

A„d  area  of  the  torus  with  n=nd 

Ar  quadratic  area  around  one  sphere 

d  thickness  of  the  sample 

Db  constant  of  extension  of  a  solid  body 

Dd  constant  of  extension  of  an  extended  neck 


Dds  constant  of  extension  of  the  combination  of 
extension  of  one  and  shearing  of  another 
neck 

Does  constant  of  extension  of  the  whole  AOS 
dH  effective  thickness  of  the  neck  between  two 

spheres 

Oh™  constant  of  extension  of  the  nth  hollow  cyl¬ 
inder 

Dj  constant  of  extension  of  area  (I) 

Dn  constant  of  extension  of  a  monolayer  of 

spheres/necks  with  the  area  A t 
Dn  constant  of  extension  of  area  (II) 

Dk  constant  of  extension  of  a  chain  necks 

Dm  constant  of  extension  of  the  membrane-like 

AOS 

DMa  constant  of  extension  of  the  membrane-like 
AOS  under  the  consideration  of  the  form- 
factor  a 

Dmerg  gradient  of  the  regression  line  of  one  mea¬ 
surement 

Dn  constant  of  extension  of  the  necks  of  the 

nth  surface  of  a  torus 

Ds  constant  of  extension  of  a  sheared  neck 

Dw  constant  of  extension  of  the  bowl-like  AOS 

DWa  constant  of  extension  of  the  bowl-like  AOS 

under  consideration  of  the  form-factor  a 
E  module  of  elasticity 

F  force 

Fz  force,  which  is  necessary  to  tear  a  monolayer 

of  necks  with  the  area  At 
G  module  of  shearing 

h  radius  of  neck 

hmin  radius  of  the  neck  under  maximum  stress 
nd  number  of  spheres  referring  to  the  thickness 

of  the  sample 

/ibuild  number  of  necks  per  area  determined  by 
counting 

nH1  number  of  spheres  in  the  first  hollow  cylinder 

«h„  number  of  spheres  in  the  nth  hollow  cylinder 

"ideal  number  of  necks  per  area  (according  to 
Section  14) 

nn  number  of  spheres  in  a  chain  with  the  length 

n„d  number  of  spheres  in  the  direction  according 

to  Fig.  10 

Aii P  number  of  parallel  chains  in  area  (I) 

n„  number  of  spheres  in  a  quarter  of  the  nth 

surface  of  a  torus 
p  pressure 

P  porosity 

PM  Laplace  pressure  of  the  neck 

PK  Laplace  pressure  of  the  sphere 

Rb  resistance  of  a  solid  body 

Rg  geometric  electric  resistance  of  a  neck 

rH  radius  of  the  throat  of  a  neck 

Rh  resistance  of  a  neck 
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rx  radius  of  area  (I) 

resistance  of  area  (I) 
ru  radius  of  area  (II) 

Rn  resistance  of  area  (II) 

rK  radius  of  a  sphere 

Rk  resistance  of  a  chain  of  necks 

Rkt,  resistance  of  nd  parallel  chains  with  the 
resistance  RK 

Rm  entire  resistance  of  the  membrane-like  AOS 

rPR  entire  radius  of  the  sample 

Rw  entire  resistance  of  the  bowl-like  AOS 

f/(rj)  circumference  of  a  circle  with  radius  r, 

U  circumference 

U  half  the  circumference  of  area  (II) 

V  volume 

VK  volume  of  a  sphere 


Greek  letters 

form-factor 

extension,  change  of  length 
change  of  the  length  of  the  radius  r„  ac¬ 
cording  to  Fig.  12 
7j  density 

e  specific  extension  A///,  universal 

e0  flow-tension 

eD  specific  extension  of  a  neck  of  one  volume 

element  of  a  sphere 

eDB  specific  extension  of  a  solid  body 

eDS  specific  extension  and  shearing  of  a  neck 

es  specific  shearing  of  one  neck 

eSB  specific  shearing  of  a  solid  body 

A  specific  break-tension 

H  constant  of  cross  contraction 


■8  angle  of  shearing 

p  specific  resistance 

a  surface  strength 

t  thrust 
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